Background {#Sec1}
==========

Probiotic lactobacilli have been increasingly implicated in a number of health-promoting functions \[[@CR1], [@CR2]\]. Quite a part of commercial probiotic lactobacilli isolated from intestinal microbiota, such as *Lactobacillus acidophilus*, *L. rhamnosus*, *L. johnsonii*, *L. paracasei*, and *L. reuteri* have been widely demonstrated to interact with gut physiological processes and confer benefits to host organisms \[[@CR3], [@CR4]\]. On the other hand, some *Lactobacillus* species, such as *L. delbrueckii*, *L. helveticus*, and *L. plantarum*, are traditionally involved in the production of fermented foods \[[@CR5]\]. Unlike the commensal lactobacilli that colonize the intestinal tract, food originated *Lactobacillus* cells are ingested along with food flow during the consumption of fermented products and, consequently, may directly come in contact both with the host's gastrointestinal mucosa and intestinal microbiota. The potential influence of food-associated lactobacilli on host's health compared to that of intestinal lactobacilli, however, has been poorly investigated.

*Lactobacillus helveticus* strains are extensively used in manufacture of Swiss-type cheeses and Italian cheeses (Emmental, Grana Padano, Mozzarella), as well as fermented drinks \[[@CR6]\]. Remarkably, genome sequencing had revealed that *L. helveticus* DPC4571 isolated from cheese whey shares the nearest identity (98.4 %) with the gut organism *L. acidophilus* NCFM, one of probiotic strains thoroughly investigated for probiotic functions \[[@CR7]\]. Giving fermented food originated bacterium had its adaptive evolution in dairy environment, there is strong need to explore its probiotic properties and crosstalk with host immune system as well as intestinal bacteria. Some researches had demonstrated the efficacy of *L. helveticus* in modulating of host physiology. For instance, milk fermented with *L. helveticus* R389 decreases the growth rate of mammary tumors \[[@CR8]\]. Furthermore, the presence of S-layer proteins was proposed to contribute to probiotic properties of *L. helveticus* strains \[[@CR9]\]. S-layer protein of *L. helveticus* MIMLh5 was recently demonstrated to be involved in immunomodulatory effects \[[@CR10]\].

Koumiss is a spontaneously fermented mare's milk drink and has been traditionally popular among nomadic populations of Central Asia and Mongolian areas \[[@CR11]\]. In 1980s, a batch of studies had reported the therapeutic potentials of koumiss on the alimentary canal's activity, the circulatory, nervous systems and the immune system \[[@CR12], [@CR13]\]. However, only a few studies focused on the probiotic strains isolated from koumiss. In this study, a promising isolate NS8 was selected from fermented koumiss of Mongolian pasturing area, and identified as *L. helveticus* by genus and species specific PCR as well as 16S rRNA sequencing. The selected culture was subjected to characterization for functional and probiotic attributes. To determine the suitability of NS8 for exploitation as a probiotic, particularly for application in functional food, we studied the probiotic properties like pH and bile salt tolerance, cell surface hydrophobicity and autoaggregation, and anti-inflammatory activities. In addition, we also investigated the presence of S-layer protein and its role in promoting immunomodulatory activity in a LPS-induced mouse macrophage cell line RAW264.7. NS8 showed prominent results in inducing IL-10 expression. Because IL-10 plays a central role in downregulating inflammatory cascades, strains capable of inducing this cytokine would likely be good candidates for use in anti-inflammatory intervention. Nevertheless, substantial differences were found among probiotic strains in their capacity to induce cytokine profile \[[@CR14], [@CR15]\]. Recently, IL-10/IL-12 cytokine induction ratio on peripheral blood mononuclear cells (PBMCs) has also been used to distinguish the anti-inflammatory properties of probiotics \[[@CR16]\]. We employed both *in vitro* cytokine production assay and a murine trinitrobenzene sulfonate (TNBS) model of acute colitis *in vivo*. In this paper, we describe the various probiotic and functional properties of *L. helveticus* NS8 and could provide important insights into the health-modulating potential of this strain.

Results {#Sec2}
=======

Screening and genetic identification of NS8 {#Sec3}
-------------------------------------------

In total, 12 typical colonies of lactic acid bacteria isolates were obtained from fermented koumiss based on morphological characteristics after Gram's staining and catalase negative reaction. By testing the survival abilities in GIT environment and adherent potential to intestinal mucosa *in vitro*, only strain NS8 was selected as candidate for probiotic, which showed higher tolerance to low pH (70 % survival rate at pH 2) and toxic bile salts (65 % survival rate in 0.3 % bile). Then we identified this strain as *L. helveticus* NS8 by performing 16S rRNA gene sequencing (Genbank accession No. JQ013296.1) and BLAST search. Considering the wide inter-strain variability of *L. helveticus* and difficult discrimination between *L. helveticus* and closely related species, such as *L. acidophilus* and *L. delbrueckii*, *L. helveticus* specific primer pairs targeting the sequences of aminopeptidases C and N, and a trypsin-like serine protease gene (*pepC*, *pepN*, *htrA*) were applied in a species specific PCR assay \[[@CR17]\]. The PCR fragments obtained had sizes of about 500, 700 and 900 bp respectively (Fig. [1a](#Fig1){ref-type="fig"}), which were in good accordance with the expected sizes.Fig. 1Molecular identification of *L. helveticus* NS8 isolate. **a**. PCR typing of NS8 isolate by using species-specific *pepC*/*pepN*/*htrA* primers (lane 2, *pepC*; lane 3, *pepN*; lane 4, *htrA*) and *L. helveticus* specific primers for amplification of partial 326 bp *slpH* gene (lane 5). There is no PCR product obtained by using primers targeted against *L. acidophilus slpA* (lane 6). Lane 1, DNA ladder. **b**. Morphology of NS8 under scanning electron microscope. NS8 are rod-shaped bacteria with high adhesion capacity to Caco-2 cells

Surface properties of NS8 {#Sec4}
-------------------------

To investigate the surface properties of NS8, the isolate as well as food-originated probiotic strains *L. acidophilus*1.2 \[[@CR18]\] and *L. plantarum* TH1 \[[@CR19]\] (provided by Prof. XG Luo, Tianjin University of Science and Technology) were subjected to an array of tests. As shown in Table [1](#Tab1){ref-type="table"}, the adhesion ratio of NS8 isolate with Caco-2 cell culture was estimated to be 18.03 %, which was significantly higher than the other probiotic strains with values of 4.58 % of *L. acidophilus* 1.2 and 3.34 % of *L. plantarum* TH1 respectively. Strong adhesion of NS8 to Caco-2 cells could also be clearly seen in the SEM micrographs of Fig. [1b](#Fig1){ref-type="fig"}. Besides, NS8 exhibited the highest cellular autoaggregation (79.5 %) compared with *L. acidophilus*1.2 (42.3 %) and *L. plantarum* TH1 (22.6 %). The autoaggregating phenotype of NS8 was so strong that over half bacteria have formed a precipitate in 1 h (see Additional file [1](#MOESM1){ref-type="media"}), while other bacterial suspensions showed constant turbidity with little precipitate. With a similar trend, the hydrophobic values obtained for NS8 in the presence of xylene was significantly higher than the other two strains. Adhesion to chloroform (electron acceptor) and ethyl acetate (electron donor) was also tested to assess the Lewis acid-base characteristics of the bacterial cell surfaces (see Additional file [2](#MOESM2){ref-type="media"}).Table 1Cell surface properties of *L. helveticus* NS8 and other probiotic culturesCell surface propertiesBacteriaAdhesion (%)Aggregation (%)Hydrophobicity (%)*L. helveticus* NS818.0 ± 1.3 a78.8 ± 2.456.8 ± 1.0*L. acidophilus* 1.24.6 ± 0.641.9 ± 3.133.8 ± 2.1*L. plantarum* TH13.1 ± 0.122.5 ± 2.732.1 ± 0.5^a^All the values are shown as mean ± SD of triplicate experiments

Influence of S-layer protein on cell surface properties {#Sec5}
-------------------------------------------------------

Two sets of primers targeted against S-layer gene of *L. helveticus* (*slpH*) and *L. acidophilus* (*slpA*) respectively were designed, according to the genome sequences of *L. helveticus* DPC4571 (GenBank accession No: CP000517.1) and *L. acidophilus* NCFM (GenBank accession No: NC006814.3). Fig. [1a](#Fig1){ref-type="fig"} showed the amplification of an expected PCR product of size 300 bp when assayed using *slpH* primers, but no product by using *slpA* primers.

For extraction the S-layer protein from NS8 bacteria, a generally employed method for the removal of S-layer proteins from the cell surfaces, LiCl extraction, was applied for NS8. SDS-PAGE revealed the molecular mass of the protein is approximately 42 kDa, basically in line with those characterized S-layer proteins (Fig. [2a](#Fig2){ref-type="fig"}). We verified whether the protocol based on LiCl washes efficiently removed most of the S-layer proteins from the surface of *L. helveticus* cells. After S-layer removal, autoaggregation ability of NS8 reduced dramatically from 70 to 32 % (Fig. [2b](#Fig2){ref-type="fig"}). The bacterial morphology also changed from appearance of cluster into separated cells under microscope (Fig. [2c](#Fig2){ref-type="fig"}). These results indicated that the presence of S-layer protein contributed to the cell surface properties of NS8.Fig. 2Influence of S-layer protein on the cell surface properties of *L. helveticus* NS8. **a**. SDS-PAGE profile with Coomassie blue staining of extracted S-layer protein by LiCl treatment, indicating an approximate mass value of 42 kDa. Lane 1, low molecular weight protein standards; lane 2, 5 μg of purified protein was loaded on the gel. **b**. Comparison of the autoaggregation ability of NS8 before (●) and after removal of their surface layer proteins (○). Error bars represent standard deviations (SD) of the mean values of results from three replicate experiments. **c**. Bacterial micrographs of NS8, showing the morphology difference between autoaggregated cells (*left*) and those cells after removal of S-layer proteins (*right*). Magnification, × 100

Anti-inflammatory attributes {#Sec6}
----------------------------

### Colitis protective ability in vivo {#Sec7}

To evaluate the immunomodulatory potential of NS8, we compared the development of TNBS-induced colitis in mice that were treated, or not, with NS8. We observed that weight loss was significantly reduced in mice receiving NS8 (12.1 %) as compared with mice not received bacteria (16.7 %, Fig. [3a](#Fig3){ref-type="fig"}). Characteristic features of colitis were observed 2 days after administration of TNBS in the mice receiving no bacteria, leading to a Wallace score of 4.2 ± 0.8 (Fig. [3b](#Fig3){ref-type="fig"}), which corresponds to several areas of ulceration accompanied by intestinal wall thickening. Histological analysis performed on these mice revealed large areas of ulceration with inflammatory infiltrates (Fig. [3c](#Fig3){ref-type="fig"}). In contrast, mice that had received NS8 bacteria displayed significantly less severe lesions. Necrotic lesions were observed in only three mouse of ten, whereas the others suffered mildly from hyperemia and thickening of the intestinal wall, leading to a Wallace score of 2.6 ± 0.5 (Fig. [3b, c](#Fig3){ref-type="fig"}).Fig. 3Anti-inflammatory effect of *L. helveticus* NS8 on acute colitis induced in BALB/c mice by intrarectal administration of TNBS. **a**. Weight variation between day 5 (TNBS administration) and day 7 (death). **b**. Wallace inflammation scores. Results are means ± SEM of one representative experiment (ten mice per group). Significant *P* \< 0.05 (\*), as compared with the TNBS control group. **c**. Histological sections of colonic tissues of BALB/c mice. Left, blank control group receiving ethanol 50 %; Middle, TNBS-treated group receiving no NS8; Right, TNBS-treated mice gavaged with NS8. Magnification, ×100

### Cytokine stimulation in human PBMCs {#Sec8}

We investigated the cytokine profiles stimulated by NS8 upon PBMCs collected from 9 independent donors. Although the absolute cytokine concentrations released by PBMCs varied between different donors, NS8 induced more significant increase of anti-inflammatory cytokine IL10, while less impact on release of proinflammatory cytokine IL12, in comparation with probiotic strain *L. casei* Shirota, which has been well characterized with health-promoting functions (Fig. [4](#Fig4){ref-type="fig"}). The ratio of IL10 to IL12 production was higher for NS8 (23.5) than *L. casei* Shirota (3.4). Both strains were able to induce TNF-α secretion from stimulated PBMCs, but the induction of this cytokine was partly lower when PBMCs were stimulated by NS8. These results indicated that IL-10 producing immune cells could evidently sense the stimulation of NS8.Fig. 4Cytokine response of human PBMCs to stimulation with *L. helveticus* NS8 and *L. casei* Shirota strains. Cell supernatant were collected after 24 h co-incubation with bacteria (bacteria: cell ratio of 100:1), and the release of IL-10 (**a**) and IL-12p70 (**b**) and TNF-α (**c**) were assayed by ELISA. Results were represented as means ± SEM pg/mL for 9 independent healthy donors

### Modulation the proinflammatory response triggered by LPS {#Sec9}

In a final set of experiments, we tested the effects of NS8 on LPS-evoked inflammatory responses by analyzing the gene expression of two proinflammatory factors through qPCR, TNF-α and IL-12, and the anti-inflammatory cytokine IL-10 in mouse macrophage cell line RAW264.7. Here we also investigated whether the S-layer protein is involved in immunomodulatory activity exerted by NS8. After 4 h of co-stimulation of the RAW264.7 cells with LPS, NS8 induced a pronounced anti-inflammatory profile, as evidenced by an dramatically enhanced induction of IL-10 compared to the induction of TNF-α and IL-12 (Fig. [5](#Fig5){ref-type="fig"}). NS8 also decreased LPS-induced proinflammatory IL-12 production significantly (Fig. [5b](#Fig5){ref-type="fig"}). The reduction of IL-12 induced by purified S-layer protein was similar to that induced by NS8 strain itself, however, the expression of anti-inflammatory cytokine IL-10 was not influenced by S-layer protein (Fig. [5a, b](#Fig5){ref-type="fig"}). The results obtained by employing LPS-induced macrophages, therefore, confirmed the anti-inflammatory immune responses of NS8, but not dependent on S-layer protein.Fig. 5Modulation of the proinflammatory response triggered by LPS in RAW264.7 mouse macrophages. RAW264.7 cells were stimulated with *L. helveticus* NS8 (bacteria: cell ratio of 100:1) or its S-layer protein (10 μg/ml), with or without co-incubation of 1 μg/mL LPS for 4 h. Expression profiles of IL10 (**a**), IL-12p70 (**b**), and TNF-α (**c**) were examined by quantitative real-time PCR, indicated as the relative levels to the induction level of the control, which was set at a value of 1. Results are the means ± SD of representative of three independent experiments. Significant differences indicated as: \*\*, *P* \< 0.01; \*, *P* \< 0.05

Discussion {#Sec10}
==========

As a traditionally fermented dairy product, koumiss has been getting more attentions for its healthy functions in recent years. The fermentation of Koumiss depends on the action of lactic acid bacteria and yeasts \[[@CR11]\]. So in our study, we tried to select promising probiotic strains with particular health-promoting functions from Mongolian koumiss. After testing the tolerance ability to GIT environment and adherent potential to intestinal mucosa *in vitro*, we focused on a strain with good probiotic traits, *L. helveticus* NS8.

Comparative genomic studies have found that *L. helveticus* is rather closely related to the gut organism *L. acidophilus* although these two lactobacilli occupy different environmental niches \[[@CR20]\]. However, *L. helveticus* DPC4571 was reported to possess a frame-shifted nonfunctional bile salt hydrolase gene, which suggested genetic adaption to the dairy environment might occur during the evolution \[[@CR9]\]. That perhaps explained at least some part of the reason why NS8 showed moderate survival ability in the 0.3 % bile salt. Interestingly, in a recent study, *L. helveticus* was detected in every pasturing area Mongolian, but not in any of the city Mongolian, based on the 16S rRNA sequence analysis of human intestinal microbiota \[[@CR21]\]. It suggested that dairy niche-specific bacteria, such as *L. helveticus*, still could survive and persist in human GIT under the condition of regular consumption. Nevertheless, for sustaining adequate populations of viable bacteria, we already developed enteric capsules of live NS8 bacteria.

When we tested the cellular surface properties of *L. helveticus* NS8, we observed an impressive adhesive capacity of NS8 to the human intestinal epithelial cells *in vitro*. Although some well adopted commercial probiotic strains showed adhesion as high as 15 % or as low as 2 %, the ability to adhere to the intestinal epithelium or mucosal surface had been considered as a major distinguishing feature for probiotic strains \[[@CR22]\]. After adherence, probiotic bacteria should be able to autoaggregate and colonize in the gut for extending the interaction periods \[[@CR23]\]. Compared with some other proposed probiotic strains, NS8 showed a significant autoaggregation in a very short time. That suggested the adherent cells of NS8 could potentially form a protective biofilm-like communities via autoaggregation or co-aggregation with commensal organisms on the intestinal mucosa. This close interaction with host intestinal mucosa might lead to the competitive exclusion of pathogens or the modulation of host cell responses \[[@CR24]\].

Due to the importance of understanding immunological aspects when defining the probiotic potential, we mainly aimed to define whether *L. helveticus* NS8 could exert immunomodulatory effects to hosts. Firstly, in order to assess the anti-inflammatory potential of NS8, a standardized murine model of acute colitis induced by 2,4,6, trinitrobenzene sulphonic acid (TNBS) was applied by orally administered NS8 bacteria \[[@CR25]\]. The prophylactic impact of NS8 strain was proven by observing that the weight loss and tissue damage were significantly alleviated. Recent increasing evidences indicated that both the systemic and mucosal immune systems can be modulated by orally delivered bacteria \[[@CR26]\]. Foligne et al. proposed that *in vitro* IL-10/IL-12 cytokine induction ratio on PBMCs closely matched the ranking of the *in vivo* protective effect against TNBS-induced colitis in mice \[[@CR16]\]. In agreement with the prevention *in vivo*, the IL-10/IL-12 ratio obtained after PBMCs stimulation confirmed a significant potential in the immunomodulatory properties of NS8. It is widely accepted that the health-promoting properties attributed to probiotics are multiple and strain-specific. Indeed, some *Lactobacillus* strains were shown as strong inducers of IL-12 and TNF-α, while in our study, NS8 was shown to be a strong inducer of IL-10. Similar immune responses could also be observed upon exposure to proinflammatory stimulus LPS, which is one of the best studied systemic inflammation inducer via simulation of Toll-like receptor4 pathway \[[@CR27]\]. NS8 was able to reduce LPS-evoked inflammatory responses in mouse macrophage cell line RAW264.7 by inhibiting LPS-induced IL-12 production, while promoting higher levels of IL-10 in the presence of LPS compared to the levels induced by LPS alone. These results are important. IL-10 plays a central role in down-regulating inflammatory cascades and maintaining gut homeostasis \[[@CR28]\]. Several studies also indicated that selective probiotics induce IL-10 production in the intestine or the development of IL-10-producing T cells *in vitro*, depending on the TLRs pathways \[[@CR29], [@CR30]\]. However, the precise mechanism by which specific strain induces IL-10-producing regulatory T cells remained unknown.

Specific probiotic characteristics of lactobacilli have been associated with the presence of particular surface molecules or structures, such as peptidoglycan, teichoic acids, exopolysaccharides and surface proteins, to evoke different host responses \[[@CR31]\]. For instance, S-layer protein (SlpA) of *L. acidophilus* NCFM mediated the interaction of the bacteria with the ligand of the dendritic cell-specific intercellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN) and regulated DC immune functions \[[@CR32]\]. S-layers are macromolecular paracrystalline arrays of proteins or glycoproteins commonly found in bacteria and archaea \[[@CR33]\]. Some of these proteins were proven mediating the bacterium's ability to antagonize pathogens, due to the capability of S-layer protein to efficiently adhere to the intestinal epithelium \[[@CR33], [@CR34]\]. As to NS8, absence of S-layer proteins promoted apparent morphology change of bacterial cells, suggesting that S-layer proteins are quite important for the surface property of NS8. Except that, purified SlpA protein of *L. acidophilus* NCFM was also responsible for the anti-inflammatory cytokine profile, because the protein induced higher levels of IL-10 in the presence of LPS \[[@CR32]\]. However, our results suggested that the S-layer protein isolated from NS8 mainly attenuated LPS-induced IL-12 levels in macrophages, while didn't influence the expression levels of IL-10. In contrast, the S-layer protein of *L. helveticus* MIMLh5 induced a proinflammatory effects in human U937 macrophages and macrophages isolated from mouse bone marrow (BMDMs) \[[@CR10]\]. Such different data can be explained by considering the difference in surface proteins and different cell types used. The exact role of S-layer proteins in immune reactions remains elusive. To elucidate the molecular mechanisms determining the immunomodulatory capacity of NS8, the specific interactions between bacterial ligand and host receptor need to be learned in further study.

Conclusion {#Sec11}
==========

In summary, NS8 isolate of *L. helveticus* from Mongolian fermented koumiss was identified as a good probiotic strain, based on the probiotic factors and immunomodulatory capacities. NS8 showed good hydrophobicity, cellular autoaggregation, cell adhesive capacity to enterocytes, and the presence of S-layer protein. Moreover, NS8-induced improvement in murine colitis is associated with the up-regulation of anti-inflammatory cytokine IL-10 in PBMCs and LPS-stimulated murine macrophage cell line RAW264.7. The present study indicates that NS8 can be useful in the development of nutraceutical products for the prevention or treatment of inflammation-associated diseases. Future studies should continue to address the mechanisms underlying the beneficial effects, taking into account the particular cell surface structures or metabolites of lactobacilli which influence the interaction with the host.

Methods {#Sec12}
=======

Genetic identification of lactobacilli isolates from koumiss {#Sec13}
------------------------------------------------------------

For isolation probiotic strains, home-made fermented koumiss were collected from Xilingol pastoral areas of Inner Mongolia. The milk samples were enriched in de Man, Rogosa and Sharpe (MRS) broth. Pour plating was also done with serial decimal dilutions and the submerged colonies were selected for morphological examination using Gram staining. The putative lactobacilli isolates were further subjected to catalase test and analysis of 16S rRNA gene sequences. The genomic DNA from the cultures was extracted by using DNA purification kit (TIANGEN, China). Genus specific PCR assays were carried out using two universal primers, 27f and 1492r \[[@CR35]\]. The sequence data was aligned and analyzed using BLAST server available at NCBI website. Further confirmation of NS8 isolate was carried out by PCR using the *L. helveticus* specific primer pairs pepC/pepN/htrA \[[@CR17]\] as well as primers targeted against *slpH* gene encoding S-layer protein (forward 5'GTTTAAGAATGGCAAGCG3', reverse 5'ACAAGAACAGCGACAAGC3'). Meantime, *L. acidophilus* specific primers targeted against *slpA* (forward 5'GCTGGCTTTACTTGCTGTTGC3', reverse 5'CTCTTGCTTACGCTGGCTAC3') were also applied into the PCR assay.

Acid and bile salt tolerance {#Sec14}
----------------------------

The resistance of lactobacilli isolates to gastrointestinal tract environment was tested as previously described \[[@CR36]\]. Briefly, overnight cultures (10^7^--10^9^ CFU/mL) were harvested and washed twice with PBS buffer, before being resuspended in MRS broth with pH 2 or pH 3 or enriched with 0.2 or 0.3 % (w/v) Ox-Bile (Bio Basic Inc, China). After incubation at 37 °C for 2 h, acid tolerance was assessed in term of viable colony counts by MRS agar plating. For test of tolerance to bile salt, the cultures were inoculated for 4 h and colony counts were as well enumerated.

Adhesion to Caco-2 Cells {#Sec15}
------------------------

Adhesion to Caco-2 cells was assayed as the method described by Jacobsen \[[@CR37]\]. Caco-2 cells were grown in Dulbecco's modified Eagle's medium (DMEM, Hyclone, USA), supplemented with 10 % (v/v) fetal bovine serum (Gibco, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C in a humidified 5 % CO~2~ atmosphere. Approximately 5 × 10^5^ Caco-2 cells were seeded in 6-well tissue culture plate and the medium was replaced by fresh nonsupplemented DMEM, at least 1 h before the bacterial suspension (c. 1 × 10^8^ CFU/mL) was added to each well. After co-incubation for 2 h, nonadherent cells were washed off by flushing with sterile PBS. Remaining adhered cells were detached by trypsinization and platted on MRS agar by serial dilution. Adhesion ability was expressed as the ratio between adherent bacteria and the initial number of added bacteria. Experiments were carried out in triplicate.

Scanning electron microscopy {#Sec16}
----------------------------

Scanning electron microscopy was also performed for qualitative examination of adhesion. Briefly, Caco-2 cells with adherent bacteria were fixed with 2.5 % glutaraldehyde for 24--72 h at 4 °C. The specimens were then dehydrated with a graded series of ethanol solutions (25, 50, 75, 90, and two times 100 %, 10 min each step). Critical-point drying and gold-coating were performed continuously, and specimens were then examined with a scanning electron microscope (Hitachi, S-3000 N).

Cellular aggregation {#Sec17}
--------------------

Autoaggregation assays were performed by following the method of Del et al. \[[@CR38]\]. The freshly grown bacterial cells were harvested and washed twice with PBS following resuspending again in PBS to get an absorbance of −0.5 at 600 nm (*A*~0~). During 5 h of incubation at room temperature, every hour 1 mL of the upper suspension was taken to measure the absorbance at 600 nm (*A*~t~). The autoaggregation percentage can be expressed as: (1 − *A*~t~/*A*~0~) × 100.

Cell surface hydrophobicity {#Sec18}
---------------------------

The bacterial surface hydrophobicity was determined according to the method of Rosenberg et al. \[[@CR39]\]. Bacterial cells in the stationary phase were resuspended in 0.1 M KNO~3~ (pH 6.2) to approximately 10^8^ CFU/mL and the absorbance was measured at 600 nm (*A*~0~). One millilitre of xylene, chloroform or ethylacetate was separately mixed with 3 mL of bacterial suspension by vortexing and incubated at room temperature for 10 min. The mixture was again briefly vortexed and incubated at room temperature for 20 min for phase separations. The aqueous phase was gently moved to measure its absorbance at 600 nm (*A*~1~). The surface hydrophobicity (%) was calculated as (1 − *A*~1~/*A*~0~) × 100.

Extraction of S-layer proteins {#Sec19}
------------------------------

Extraction of the S-layer protein from *L. helveticus* was performed as described previously \[[@CR40]\]. Washed cells were incubated with 5 M LiCl in a shaking incubator (200 rpm) for 60 min at 37 °C, followed by centrifugation at 10, 000 g, 4 °C for 10 min. The supernatant was dialyzed against distilled water at 4 °C for 48 h using a cellulose membrane with cut-off value of 10 kDa (Sigma). The extract was further concentrated by using Amicon Ultra (Millipore, USA). Protein concentration was measured by BCA protein assay before SDS-PAGE analysis.

Induction of colitis *in vivo* {#Sec20}
------------------------------

BALB/c mice (female, 8 weeks) purchased from Vital River Laboratories (China) were fed with regular rodent chow and tap water. After adaptation period, the mice were randomly selected and assigned to 3 groups of 10 mice each. For colitis induction, a standardized murine TNBS colitis model was used \[[@CR25]\]. Briefly, anesthetized mice received an intrarectal administration of 40 μl solution of TNBS (100 mg/kg, Fluka) dissolved in 50 % ethanol. Control blank mice received 50 % ethanol. Bacterial suspensions (100 μL), containing 1 × 10^9^ CFU/mL in PBS buffer were administered intragastrically to mice each day, starting 5 days before until 1 day after TNBS processing. The mice were weighed and killed 48 h after TNBS administration. Colons were removed, washed and opened. Macroscopic lesions were evaluated according to the Wallace criteria \[[@CR30]\]. Histological analysis was performed on hematoxylin/eosin-stained 5 μm tissue sections from colon samples fixed in 4 % paraformaldehyde and embedded in paraffin. The Animal Care and Ethics Committee at Hangzhou Normal University approved all of the animal experiments in our study.

Isolation of peripheral mononuclear cells (PBMCs) {#Sec21}
-------------------------------------------------

For isolation the PBMCs from human peripheral blood, nine blood samples of healthy donors were procured from Beijing Red Cross Blood Center. All the donors had written informed consent before donation. PBMCs were isolated as previously described \[[@CR41]\]. Briefly, after a Ficoll gradient centrifugation, the buffy coat enriched with mononuclear cells was collected, washed in RPMI 1640 medium (Hyclone) and adjusted to 2 × 10^6^ cells/mL in RPMI 1640 supplemented with gentamicin (150 μg/mL), L-glutamine (2 mmol/L), and 10 % FBS.

Cytokine induction and Elisa assay {#Sec22}
----------------------------------

PBMCs (1 × 10^6^ cells/mL) were seeded in 24-well tissue culture plates. Approximately 1 × 10^8^ CFU/mL lactobacilli were added (bacteria: cell ratio of 100:1) to different wells. After 24 h co-incubation, the culture medium was centrifuged at 12,000 g for 5 min at 4 °C, and the supernatant was collected and stored at −20 °C until cytokine measurement. Production of TNF-α, IL-10 and IL-12p70 in supernatants was measured by ELISA kit (BD Biosciences, USA) according to the manufacturer's protocol.

Macrophage culture and treatment {#Sec23}
--------------------------------

Mouse macrophage cell line RAW264.7 was used for studying inflammatory response. RAW264.7 cells were maintained in DMEM supplemented with 10 % FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C. Approximately 5 × 10^5^ cells were seeded into 6-well tissue culture plate and allowed to adhere for 2 h prior to LPS activation. RAW264.7 cells were exposed to 1 μg/mL lipopolysaccharide (LPS, from *E. coli* serotype O127: B8, Sigma), followed by treated with lactobacilli (bacteria: cell ratio of 100:1) or 10 μg/mL S-layer protein purified from NS8 strain. The plates were incubated for 4 h before cytokine measurements.

Real time PCR {#Sec24}
-------------

Total RNA of RAW264.7 cells was extracted with TRIzol reagent (Invitrogen, USA). Reverse transcription was performed with a cDNA Reverse Transcription Kit (TIANGEN, China) according to the manufacturer's instructions. Quantitative real-time PCR was carried out using Applied Biosystems 7300 (Life Technologies, USA). The reaction mixture was performed with SYBR® *Premix Ex Taq*™ (TaKaRa, China) according to the manufacturer's protocols. The reaction conditions were 40 cycles of two-stage PCR consisting of denaturation at 95 °C for 15 s and annealing at 60 °C for 1 min after an initial denaturation step at 95 °C for 10 min The primer sequences were as follows: mouse TNF-α, forward 5'ggcggtgcctatgtctcag3' and reverse 5'ggctacaggcttgtcactcg 3'; mouse IL-10, forward 5'acatactgctaaccgactcct3' and reverse 5'ggtcttcagcttctcaccc3'; mouse IL-12p40, forward 5'atgtggaatggcgtctc3' and reverse 5'gtctcctcggcagttgg3'; and mouse β-actin, forward 5'agagggaaatcgtgcgtgac 3' and reverse 5'cgctcgttgccaatagtgat3'. For the relative comparison of mRNA expression levels, the data were analyzed with a ΔΔCt method and normalized to the amount of β-actin cDNA as an endogenous control.

Statistical analysis {#Sec25}
--------------------

Data analysis was carried out with SPSS, Inc. software (version 10.0). Differences between two groups were assessed using the unpaired two-tailed Student's *t*-test. Data sets that involved more than two groups were assessed using One-way ANOVA. Differences were considered significant if *P* was \<0.05.

Additional files {#Sec26}
================

Additional file 1:**Figure S1.** Autoaggregation percentage of *L. helveticus* NS8 in 5 hours. The sedimentation rate of strains was measured over a period of 5 h under identical conditions. NS8 isolate exhibited the highest cell autoaggregation. The autoaggregating phenotype of NS8 was so strong that over half bacterium have formed a precipitate in 1 h, while other bacterial suspensions showed constant turbidity with little precipitate. (PDF 159 kb)Additional file 2:**Table S1.** Lewis acid-base characteristics of the bacterial cell surfaces. Adhesion to chloroform (electron acceptor) and ethyl acetate (electron donor) was also tested to assess the Lewis acid-base characteristics of the bacterial cell surfaces. All the strains didn't show significant difference between the affinity to chloroform and to ethyl acetate. (PDF 46 kb)

BMDM

:   Bone marrow derived macrophage

DEME

:   Dulbecco's modified Eagle's medium

FBS

:   Fetal bovine serum

GIT

:   Gastrointestinal tract

IL

:   Interleukin

LPS

:   Lipopolysaccharide

MRS broth

:   De Man, Rogosa and Sharpe broth

PBMCs

:   Peripheral blood mononuclear cells

Slp

:   S-layer protein

TLR

:   Toll-like receptor

TNBS

:   2,4,6-Trinitrobenzene sulfonic acid

TNF-α

:   Tumor necrosis factor alpha
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